Reinterpretation of the equilibrium magnetization of a Tl 2 Ba 2 CaCu208+a; single 
crystal. Another phase transition in the mixed state of high-T c superconductors? 
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We apply a recently developed scaling procedure for the analysis of the equilibrium magnetization 
M that was measured on a T^I^CaC^Os+i single crystal and was recently reported in the 
literature. The results of our analysis are distinctly different from those obtained in the original 
publication where the Hao-Clem model served to analyze the magnetization data. We argue that 
the Hao-Clem model is not adequate for a quantitative description of the mixed state in high-T c 
superconductors especially in high magnetic fields. The scaled equilibrium magnetization data reveal 
a pronounced kink in the M{H) dependence that might be indicative of a phase transition in the 
mixed state. 
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First, we briefly review the current situation in the in- 
terpretation of magnetization measurements in the mixed 
state of high-T c (HTSC) superconductors. The most 
widely used approach for evaluating the thermodynamic 
critical field H c and the Ginzburg-Landau (GL) param- 
eter k of HTSC's from magnetization data is the Hao- 
Clem model.EJI3 Using the values of H c and n that result 
from the field dependence of the magnetization measured 
at different temperatures, the temperature dependence 
of the upper critical field H c2 (T), as well as the mag- 
netic field penetration depth A(T), and the superconduct- 
ing coherence length £(T) may be calculated. However 
a recent theoretical analysis of the Hao-Clem approach 
demonstrated that the calculation of the local magnetic 
induction by a linear superposition of contributions of 
individual vortices, as it was done in Ref. |^, is-|quantita- 
tively acceptable only for low magnetic fields.Bu A rather 
direct confirmation of the inadequecy of the Hao-Clem 
model for the quantitative analysis of experimental re- 
sults is provided by Figs. 3(a) and 3(b) in Ref. || where 
data on the equilibrium magnetization of Tl-based sin- 
gle crystals were presented and analyzed. The quoted 
Fig. 3(a) reveals a rather strong increase of n with in- 
creasing temperature, resulting in a very unusual tem- 
perature dependence of the upper critical field with H C 2 
being practically temperature independent at low tem- 
peratures and almost diverging at temperatures above 
85-90 K (Fig. 3(b)). Because this anomalous increase of 
H C 2 starts well below the superconducting critical tem- 
perature T c of the investigated sample, it can hardly 
be ascribed to fluctuation effects. This very strong in- 
crease of k upon approaching the critical temperature is 
not a feature that was observed in one particular study. 
It turns out to be a rather universal result if the Hao- 
Clem modeL^ cjnrjloyed .for, the, analysis of magneti- 
zation datam&BByO'BBmO We argue that the 
magnetic field dependence of the magnetization at con- 
stant temperature provided by the Hao-Clem model is 
not sufficiently accurate and therefore, a fitting of the 
relevant theoretical formula to experimental data results 



in an unphysical temperature dependence of the GL pa- 
rameter k, one of the key parameters in the Hao-Clem 
model. In the GL theory k is temperature independent 
and it only slowly decreases with increasing temperature 
in the framework of microscopic theories.ESEa Below we 
show that the quoted experimental data may very well be 
interpreted by assuming that k is temperature indepen- 
dent. The temperature dependence of H c % which results 
from our analysis, is in good agreement with expectations 
of the GL theory. 

Our analysis of the original data which were presented 
in Ref. ^| is based on a scaling procedure developed in 
Ref. It was shown that if the GL parameter k is tem- 
perature independent, the equilibrium magnetizations in 
the mixed state of type-II superconductors at two differ- 
ent temperatures To and T are related by 

M(H/h c2 ,T ) = M(H,T)/h c2 + co(T)H, (1) 

with h C 2(T) = iJ C 2(T)/|Bp2(2o) representing a normal- 
ized upper critical field. E2I The first term on the right- 
hand side of Eq. (1) is universal for any type-II super- 
conductor, while the second one is introduced to account 
for the temperature dependent paramagnetism of HTSCs 
in the normal state.Eil In the following we use M e fj to 
denote the magnetization calculated using Eq. (1) in 
order to distinguish it from direct experimentally mea- 
sured values of M. The quantities h C 2(T) and cq(T) are 
the adjustable parameters of the scaling procedure and 
they are established from the condition that the M e ff 
curves, calculated from the M(H) measurements in the 
reversible regime at different temperatures, collapse onto 
a single curve, representing the equilibrium magnetiza- 
tion at T = T (see Ref. |o] for details). 

It has been shown that the scaling procedure described 
by Eq. (1) works rather well for different HTSC mateijL 
als including single crystals and grain* aligned samples,EHl 
as well as polycrystals and ceramicsE3 An important ad- 
vantage of this approach is that no particular formula for 
M (H) has to be assumed a priori and therefore, this scal- 
ing procedure may be used for any type-II superconduc- 
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FIG. 1: The dependence of the normalized upper critical 
field on T/T c . The solid line is the best linear fit to the 
data points for T > 90 K. The dotted line represents the 
"universal" h C 2(T/T c ) curve reported in Ref. fed for most of 
the HTSC compounds. The data points for two underdoped 
YBCO samples with the same oxygen content, investigated 
in Ref. |24], were taken from Ref. [2^. The inset shows the 
M(T) curve measured at H = 10 Oe. The short vertical line 
indicates the position of T c as evaluated by the linear extrap- 
olation of h C 2(T) to h C 2 — 0. 



is not limited to underdoped Y-based cuprates. It was 
shown in Ref. ^ that a ceramic T12212 sample with 
T c = 107 K, which was investigated in Ref. ^5|, belongs to 
the other group represented by the dotted line in Fig. 1. 
A possible explanation for this difference between these 
two Tl-based samples may be sought in the difference of 
the oxygen content. 
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FIG. 2: The scaled magnetization M e f / calculated for To = 94 
K. The inset emphasizes the high field part of M e ff. 



tor, independent of the pairing type, the absolute value 
of k, the anisotropy of superconducting parameters, or 
the demagnetization factor of the sample. 

As has briefly been outlined above (see Ref. ^0| for 
details), Eq. (1) serves to evaluate the temperature vari- 
ation of the normalized upper critical field h C 2(T). It 
turns out that h C 2{T) for this T12212 sample varies per- 
fectly linearly with T above 90 K. This linearity allows 
for a quite accurate evaluation of the critical temperature 
T c by extrapolating the h C 2(T) curve to /i c2 = 0. The in- 
set of Fig. 1 demonstrates that the value of T c resulting 
from this procedure is consistent with the temperature 
dependence of the low-field magnetization of this sam- 
ple. The normalized upper critical field h C 2 versus T/T c 
is shown in the mainframe of Fig. 1. . .. . 

As has been shown in our previous studies ,E3l3 all in- 
vestigated HTSC's may so far be divided into two groups. 
For each group, the h C 2(T/T c ) curves for the individual 
HTSC compounds turn out to be identical but the as 
yet identified two universal curves are distinctly different. 
The major group includes practically all different fam- 
ilies of HTSCs, except Y 2 Ba4Cu70i5 and underdoped 
YB^CuaCv^z (YBCO) compounds which belong to the 
other group. As may be seen in Fig. 1, /i c2 (T) of this 
particular T12212 sample is practically identical with the 
h C 2(T) curves of two underdoped YBCO samples inves- 
tigated in Ref. p4l This implies that the smaller group 



The dependence of M e //(To) on iJ//i c2 (T) that results 
from our scaling procedure is shown in Fig. 2. Because 
of the high quality of the experimental data presented in 
Ref. H and the extended covered range of magnetic fields, 
the scaling is nearly perfect. The M e ff(H) data points, 
calculated from the measurements at different tempera- 
tures, combine to a single curve with virtually no devi- 
ations. The remarkable feature of this curve is a pro- 
nounced kink at H/h C 2 ~ 20 kOe. This kink clearly indi- 
cates a significant change in the properties of the mixed 
state. Unfortunately, the measurements in Ref. |^ are 
limited to magnetic fields H < 20 kOe and, as may be 
seen in Fig. 2, only a limited number of data points, 
measured at T > 96 K and H — 20 kOe combine to 
the M e ff(H) curve above the kink. This is why on the 
basis of the available data, no definite conclusions con- 
cerning the implications of this observation can be made 
and further studies are needed to clarify the situation. If 
this feature will be confirmed by a more detailed study, 
the kink would definitely reflect some kind of a phase 
transition. 

We conclude that, contrary to the claims of Ref. || 
the magnetization data perfectly well be explained by 
assuming a temperature independent Ginzburg-Landau 
parameter k and a conventional temperature dependence 
of the upper critical fieldi/ c2 , as shown in Fig. 1 . 
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As is discussed in more detail in Ref. |5o| if the measure- 
ments are made at temperatures close to the supercon- 
ducting critical temperature, the term co(T)H may also 
account for the contribution to the sample magnetization 
arising from fluctuation effects. However, because this con- 
tribution is not really linear in H, it can only approxi- 
mately be accounted for. At low temperatures and mag- 
netic fields well below H C 2 the flactuation induced contri- 
bution to the sample magnetization is negligible. 
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